We examined bovine papillomavirus type 1 (BPV-1) DNAs 
Bovine papillomavirus type 1 (BPV-1) is the prototype of a subgroup of papillomaviruses which can cause benign fibropapillomas in their natural hosts, induce fibroblastic tumors in heterologous species such as hamsters, and readily transform susceptible rodent cells in vitro (13) . Although these viruses have not yet been successfully propagated in cell culture, the molecular biology and genetics of the papillomaviruses have been studied extensively with cloned DNA. Like intact virus, cloned BPV-1 DNA, or a subgenomic BPV-1 fragment comprising 69% of the viral genome (BPV69T), can transform mouse C127 or NIH 3T3 cells in vitro (16) . In transformed cells, fibroblastic tumors, and naturally occurring fibropapillomas, the viral DNA persists stably as an extrachromosomal multicopy plasmid (15) .
The BPV-1 genome is a 7,945-base-pair (bp), circular, double-stranded molecule which has been sequenced (4) . All of the open reading frames (ORFs) longer than 400 bp are located on the same strand (see Fig. 1 ). Eight ORFs, designated El through E8, have been identified within BPV69T, which contains all of the viral genes required for transformation and plasmid replication and maintenance. Transcriptional analyses of the viral polyadenylated RNAs in BPV-1-transformed cells have shown that these RNAs map to BPV69T (11) . Both unspliced and spliced RNA species have been identified by electron microscopy and cDNA analysis (28, 29) . Several different viral transcriptional promoters apparently function in transformed cells, evidenced by the fact that at least three sets of viral RNAs can be distinguished by their 5' ends (28, 29) . All share a common 3' terminus at the polyadenylation site at BPV-1 base 4203 (29) . Two transcriptional enhancer regions have been identified in BPV69T. A conditional enhancer which can be activated in trans by the E2 ORF gene product is located in the 1,000-bp long control region (LCR) upstream of the eight early ORFs (26) . This region was previously designated the noncoding region; however, in light of findings that this region contains coding exons for certain species of early and late viral RNAs (C. C. Baker and P. M. Howley, manuscript in preparation; M. R. Botchan, personal communication), we feel that this region is more appropriately termed the LCR. Another sequence which can activate a heterologous promoter in a position-and orientation-independent manner maps at the distal end of the BPV69T region (3, 17) . However, this distal enhancer has been shown not to be cis essential for plasmid maintenance or transformation by BPV-1 DNA in vitro (12) .
Mutagenesis studies of full-length viral DNA and experiments with subgenomic DNA fragments expressed from surrogate promoters have mapped regions of the viral genome involved in cellular transformation (6, 19, 21, (23) (24) (25) 29) . In addition to regions which have essential transcriptional control sequences, several loci which apparently encode proteins involved in transformation have been identified. A domain critical for transformation maps to the E5 ORF downstream from the methionine codon at base 3879; disruption of this part of the E5 ORF by introduction of an in-frame termination codon (30) or by frameshift mutations (25) has a marked inhibitory effect on transformation efficiency. A second viral function which is necessary for expression of the fully transformed phenotype maps to the region containing the E6 and E7 ORFs (23) . Expression of the E6 ORF from a strong surrogate promoter is sufficient for morphologic transformation of C127 cells (24, 29) . The BPV-1 E6 protein has recently been detected in transformed cells (2) . A third region which is essential for transformation when the full-length BPV-1 region, rather than subgenomic fragments, is examined maps to the E2 ORF (6, 19, 23) . Since the E2 gene has been shown to encode a product which can function to trans activate transcriptional regulatory sequences in the LCR (27) , it is not clear whether the role of the E2 product in transformation is direct or indirect.
Genetic analyses of BPV-1 DNA have also defined regions of the genome involved in plasmid replication and maintenance. Two independent sequences, designated plasmid BPV-1 TRANSFORMATION AND PLASMID MAINTENANCE FUNCTIONS maintenance sequences (PMS-1 and PMS-2) have been described as cis-essential elements which are capable of supporting extrachromosomal plasmid maintenance when diffusible viral replication factors are provided in trans (18) . The El gene product is essential for plasmid replication and maintenance. Mutations in this region invariably result in integration of viral DNA into the host chromosome (19, 23) , and this function can be complemented in trans (18) . Further, the E7 ORF product has been ascribed a role in regulating plasmid copy number based on mutagenesis of the E7 ORF and complementation studies with mutant DNAs (19) . The role of the E2 ORF product in plasmid replication and maintenance has been disputed. In our studies (23) , as well as those of DiMaio et al. (6) , mutagenesis of the E2 ORF has resulted in loss of plasmid maintenance. However, Lusky and Botchan (19) have described mutants deleted of part or all of the E2 ORF which are able to replicate as stable extrachromosomal plasmids.
A limitation of the genetic analyses which we performed previously (23) was that our mutants with large deletions affected the integrity of more than one ORF because of the overlapping genetic organization of BPV-1. This study presents a further genetic analysis of BPV-1 with mutated DNAs with targeted alterations which affect specific ORFs or groups of ORFs. Experiments are described which examine the ability of these mutated DNAs to transform C127 cells and to stay extrachromosomal in such cells. Furthermore, we performed a series of complementation experiments in which various mutated BPV-1 DNAs and cDNAs were tested for their ability to provide functions in trans to defective counterparts in the same cell.
In this report we provide evidence that, in the full viral genomic background, expression of the E2 ORF is essential for stable plasmid maintenance and is important for efficient focus formation. We demonstrated that a product of the E2 ORF can act in trans to allow extrachromosomal plasmid maintenance by showing that, in cells expressing the E2 gene product(s) from an integrated cDNA, E2 ORF mutants are able to replicate as stable plasmids. Furthermore, we found that the product of the full E2 ORF can act in trans to augment transformation by certain BPV-1 E2 mutants but not others. These results indicated that the BPV-1 3' ORFs encode in part a gene product which, in addition to the putative full E2 ORF product and the E5 protein, is involved in transformation.
MATERIALS AND METHODS
Cell lines. Mouse C127 cells (7) and C127 cells containing BPV-1 DNAs were maintained in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 ,xg/ml). Cell lines containing BPV-1 C59 and mutated C59 cDNAs have been previously described (30) . C59 cDNA contains the complete BPV-1 E2, E3, E4, and E5 ORFs expressed from the simian virus 40 early promoter (29) .
Transfections. We performed transfections of C127 cells by using a modification of the calcium phosphate coprecipitation which has been described previously (22 For focus assays, the plates were stained after 2 weeks as previously described (22) . Cellular DNA extraction. Total cellular DNA was extracted from C127 cells by a method described previously (15) . Restriction endonuclease digestion, gel electrophoresis, and Southern blot analysis of the DNAs were performed by standard methods (20) .
Construction of BPV-1 mutant DNAs. The BPV-1 DNAs used in this study are diagrammed in Fig. 1 . Except where otherwise noted, the starting plasmid for all of the BPV-1 mutant DNAs was p142-6, which contains the entire BPV-1 genome cloned at the BamHI site of pML2d (22) .
The BPV-1 mutant DNAs p593-6, p620-7, p327-25, and p448-5 have been described in detail previously (23) . The plasmids p593-6 and p620-7 are mutated only in the El ORF; p593-6 was generated by insertion of a HindIlI linker at the unique BstEII site (base 2405) in BPV-1 DNA, whereas p620-7 is deleted of sequences between the EcoRI site (base 2113) and the BstEII site (base 2405). The mutants p327-25 and p448-5 each contain deletions extending upstream from the BclI site at base 3838; p327-25 has a 101-bp deletion between the BclI sites at 3737 and 3838 which affects the 3' end of the E2 ORF and the E5 ORF 5' to the first methionine codon; p448-5 is deleted of the 383 bases between the KpnI site (base 3455) and the BclI site (base 3838).
Two additional BPV-1 deletion mutants were constructed for this set of experiments. We produced the mutant p631-1, which is affected only in the E2 ORF, by cleaving p142-6 DNA with NcoI and religating, thereby removing a 211-bp NcoI fragment. We made p715-5 by deleting the sequences between the PstI sites at 2775 and 4172; an XhoI linker is present at the site of the deletion. This mutant lacks all of the E3, E4, and E5 ORFs and most of the E2 ORF.
To target mutations which would lead to premature translational termination of the products of specific ORFs, we developed a different approach. (7, 945 bp) of BPV-1 opened at the unique HindlIl site (base 6959) is marked off with restriction endonuclease sites and bases at the bottom of the figure. The BPV-1 subgenomic fragment which contains all of the sequences necessary for autonomous plasmid replication (15) and transformation (16) is indicated by a solid bar. The direction of transcription and the region transcribed in transformed cells are indicated by the arrow at the top of the figure (11) . The open bars represent large ORFs and, therefore, potential coding sequences in each of the three translation frames predicted from the sequence (4) . ORFs within the transforming region are designated El to E8. Those expressed only in productively infected fibropapillomas (1, 8) KpnI, and the resultant 1,050-bp BPV-1 DNA fragment was transferred into p142-6, which had been deleted of the analogous fragment. Ligation of these DNA fragments generated the plasmids p771-1 and p772-1, which contain the TTL at bases 2878 (NcoI) and 3235 (TthIII), respectively, in the full-length BPV-1 genome.
RESULTS
These experiments were initiated as part of an analysis of the genetic elements involved in BPV-1 transformation and plasmid maintenance. Our previous analysis of E2 ORF deletion mutants, indicated that the product of this ORF had a role in both of these functions. We found that, compared with the full-length genome, BPV-1 DNAs deleted of sequences in the E2 ORF had diminished transforming ability (23) . Analysis of the viral DNA in cells selected for transformation by these E2 mutants revealed that the DNA was integrated into the host chromosome (23) . These results differed from those of Lusky and Botchan (19) , who reported that the E2 ORF was important for transformation but that the E2 ORF product was not absolutely required for plasmid replication and maintenance. We initiated the experiments described in this report to examine in more detail the role of the E2 gene product in transformation and plasmid maintenance.
Transformation by E2 ORF mutants. Our initial experiments investigated the role of the E2 ORF in transformation. For these experiments, deletion and linker insertion mutants were generated in the E2 ORF.
Two deletion mutants, p715-5 and p631-1, were constructed. p715-5 had the viral sequences between the PstI (18) . The p631-1 mutant was deleted of a 211-bp NcoI fragment which alters the reading frame of E2 but does not affect E3, E4, or ES. Although the mutation in p631-1 is localized to the E2 ORF, the deletion of 211 bp could theoretically affect the expression of other viral genes, possibly by affecting mRNA stability. To alter the translational capacity of specific viral ORFs without grossly altering the viral genome, we decided to use linker insertion mutagenesis. A 12-bp linker element was designed which contained a translational termination codon in each of the possible reading frames in either orientation. The presence of this linker could be confirmed by virtue of the presence of an HpaI restriction site contained within it.
Two mutant DNAs (p771-1 and p772-1) containing the TTL in the E2 ORF were generated. The mutant p771-1 contained the TTL inserted at base 2878, and p772-1 contained the TTL inserted at base 3235. Introduction of the TTL at base 3235 in p772-1 also introduces a stop codon into the E4 ORF. An additional TTL mutant (p830-1) which contained the TTL at the BstXI site (base 3881) in the ES ORF was made. The TTL was also inserted at base 1299 in the El ORF to make the mutant p743-23. The presence of a single linker at each of these sites was confirmed by DNA sequencing (data not shown).
Each of these BPV-1 mutants, either linked to the pML2d vector DNA or cleaved from the vector with BamHI, was assayed for the ability to form foci on mouse C127 cells ( Table 2 . The data from Southern blot analysis of DNA from cells established from foci induced by p631-1 or from G418-resistant colonies established by cotransfection with this mutant DNA and pMMTneo(302-3) are shown in Fig. 2  (lanes c to f) . Regardless of the selection, the viral DNA was integrated. These data are in agreement with the results of DiMaio et al. (6) , who found that an identical deletion mutant integrated into the host chromosome regardless of whether cells were selected for focus formation or for expression of an unlinked second marker. The state of the viral DNA was also assessed in cell lines established from foci and G418-resistant cotransformants for the E2 mutant p771-1 and the E2-E4 mutant p772-1. The viral DNA of each of these mutants was found to be integrated into the host chromosome regardless of the selection. The integrated state of the viral DNA is shown in Fig. 2 for three lines containing p771-1 (lanes g, h, and i) and for two lines containing p772-1 (lanes j and k) selected for drug resistance.
A mutation in the E5 ORF affects stable plasmid maintenance. We also tested the ability of p830-1, which contains the TTL at base 3881 in the E5 ORF, to replicate as a plasmid in C127 cells. This DNA, which has very low transforming ability (Table 1) , was cotransfected into C127 cells with pMMTneo(302-3). After selection in G418, the drug-resistant foci were pooled and intracellular DNA was prepared. Southern blot analysis of the total cell DNA revealed viral DNA migrating with high-molecular-weight cellular DNA and extrachromosomal tnonomeric circular DNA (Fig. 3A, lane f) . Similar analysis of the E2 mutant p771-1 and of the El mutant p620-7, revealed only integrated (Fig. 3) . DNA (Fig. 3A, lanes d and e) . These data suggested that the E5 ORF product, which is important in transformation, is not absolutely essential for plasmid replication. To study this point further, we examined the state of p830-1 DNA in four independent cell lines expanded from individual G418-resistant foci. Total cellular DNA was examined, and the viral DNA migrated with the high-molecular-weight cellular DNA in three of the lines (Fig. 3B) however, that the wild-type BPV-1 DNA (pl42-6) was present at a higher copy number in these cells than were any of the E2 ORF mutant DNAs (Fig. 4) activation function but is transformation negative. The YC-C59-3881 cell line containing this cDNA was selected by cotransfection with pMMTneo(302-3) and is not morphologically transformed. The presence of the intact BPV-1 DNA segment was confirmed by Southern blot analysis.
The results from these experiments are shown in Table 3 . As expected, neither the wild-type (p142-6) nor the E5 (p830-1) mutant DNA showed any difference in transformation efficiency on the two cell lines. By contrast, two of the E2 mutants, p631-1 and p771-1, transformed C59-3881 cells much more efficiently than C127 cells, indicating that the E2 mutation in each of those mutants could be complemented in trans. It is noteworthy that these mutants are altered only in the E2 ORF. These mutants approached wild-type levels in their transforming ability in C59-3881 cells; the foci were larger and visible at earlier times after transfection (Fig. 5) . To our surprise, the p448-1 and p772-1 mutants were not complemented in transformation by the E2 gene product expressed in the YC-C59-3881 cell line. Plates demonstrating enhanced transformation of the p771-1 plasmid in YC-C59-3881 and C127 cells are shown in Fig. 5 .
These data suggested that, in addition to the full E2 ORF product and the E5 transforming gene, there is a domain of an additional BPV-1 function involved in transformation, which maps to the 3' ORFs. From the data presented in this report, it is unclear to which ORF this function maps. The E2-specific mutants mapping upstream of the splice acceptor at base 3224 are not mutated in this function. The E2 mutant p772-1, which contains the TTL at base 3235, is mutated in the E4 ORF, as well as in the E2 ORF downstream from the splice acceptor at base 3225, suggesting that this additional function maps to one of these coding domains.
DISCUSSION
The experiments described here extend our previous genetic analyses, which identified regions of the BPV-1 genome involved in transformation and plasmid replication and maintenance. With the study of BPV-1 DNA deletion and TTL mutants, we demonstrated that mutations in the E2 ORF reduce the transforming capacity of the DNA and destroy the ability of the viral DNA to remain extrachromosomal. Whereas the mode of action of the E2 product(s) in transformation and plasmid maintenance needs to be more fully defined, we showed with complementation experiments that the E2 product(s) can act in trans to provide each of these functions to certain E2 mutants. (19) found the DNA integrated in cells selected for focus formation and extrachromosomal in cells selected for G418 resistance, by using an unlinked cotransfection assay. These differences suggest that the role of the E2 gene product in plasmid replication is indirect and that its function can be circumvented in some cell lines and under certain experimental conditions. It is possible that, under certain growth conditions, a cellular factor functionally analogous to the E2 product could be induced and permit plasmid maintenance of E2 mutants. Spalholz et al. (27) (Fig. 4) could be due to the absence of a viral gene product in these cells. Such a product could be necessary for establishment or maintenance of a high plasmid copy number. Potentially, products encoded in part by ORFs upstream of E2, joined through RNA splicing to E2 or E4, could play such a role.
It is also not clear whether the role of the trans-acting E2 gene product in transformation is direct or indirect. Although it was previously suggested that the E2 gene might encode a transforming protein (23) , in view of the role of E2 in transcriptional transactivation (27) it now seems likely that the role of E2 in transformation is indirect. Most of the E2 mutants analyzed in this study have a similar phenotype; they are (i) significantly impaired in their ability to transform, (ii) replication incompetent, and (iii) unable to trans activate the LCR enhancer (23, 27, 30 (Fig. 1) . Note the larger size of the foci in YC-C59-3881 cells transfected with p142-6 and p771-1 DNAs compared with those in C127 cells. See Table 3 for the full compilation of data from this experiment. S.S. DNA, salmon sperm DNA.
invoking only an indirect role for the E2 gene product(s) in viral transcriptional control.
It should be stressed, however, that a direct transforming function for the E2 gene has not yet been identified. When expressed from either the simian virus 40 early promoter or a Harvey sarcoma virus long terminal repeat, the primary transforming function of the 3' ORFs (E2, E3, E4, and ES) maps to the E5 ORF, downstream from the first AUG at 3879, not to the E2 ORF (25, 30) . We carried out these transformation experiments by assaying for focus formation on the immortalized cell lines C127 and NIH 3T3. It remains possible that a direct role for E2 in transformation could be demonstrated in alternative assays with nonimmortalized or epithelial cells.
Our study of E5 mutant p830-1 confirms previous reports that expression of the 3' portion of the E5 ORF is essential for transformation by BPV-1 (25, 30) . Although in short-term plasmid replication studies the BPV-1 ORF mutant can be found as a plasmid, we found, in agreement with Groff and Lancaster (10) , that this mutant did not remain as a stable plasmid in clonal lines selected for G418 resistance. Recent studies from this laboratory have revealed the presence of the E5 transforming protein in BPV-1-transformed cells (26) .
The mechanism by which the mutation in the ES ORF at the BstXI site at base 3881 influences plasmid stability and replication remains to be determined. It is possible that this region of the BPV-1 genome contains an element required in cis to assure plasmid stability. Alternatively, the ES product itself (26) product from the E2 ORF. The newly identified viral function was mapped to the 3' end of the early region and is mutated in the p772-1 and p448-5 plasmids. As such, it maps to a portion of the BPV-1 genome where the E2 and E4 ORFs overlap downstream from the splice acceptor site at base 3225 (29) . Unpublished data indicate that mutations specific for the E4 ORF do not affect transformation (P. Hermonat and P. M. Howley, manuscript in preparation; K. Neary, B. Horwitz, and D. DiMaio, submitted for publication). It is possible that the function is a cis-essential regulatory element, which perhaps influences expression of the E5 ORF or affects viral mRNA stability. However, indirect evidence suggesting that this region is important as a protein coding sequence, rather than as a cis-essential regulatory region, comes from the structural analysis of cDNAs of viral mRNAs in BPV-1-transformed cells (29) . Viral cDNAs have been characterized which contain this region (downstream sequences from the splice acceptor at base 3225) of the BPV-1 genome spliced to upstream sequences. Therefore, proteins composed of amino acids from upstream sequences linked to the product of the E4 ORF or the colinear E2 ORF sequences may play a role, either direct or indirect, in BPV-1 transformation.
